Synthetic glucocorticoids (sGCs) are commonly prescribed for the management of inflammatory and endocrine disorders. However, nothing is known regarding the effects of sGC on adult germline methylome and whether these effects can be transmitted to the next generation. We hypothesized that administration of sGC to adult male mice alters DNA methylation in mature sperm and modifies the transcription and methylation of steroid receptors in male F 1 offspring. Adult C57BL/6 males (n ¼ 10/group) were injected on five consecutive days with 1 mg/kg sGC (i.e., dexamethasone) or vehicle and euthanized 35 or 60 days after initial treatment or bred with control females (60 days postinitial treatment; n ¼ 5/group). A significant increase in global non-CpG methylation was observed in F 0 sperm 60 days following sGC treatment. In the hippocampus and kidney of Postnatal Day 50 (PND50) and PND240 male offspring derived from fathers exposed to sGC, significant differences in mineralocorticoid receptor (Nr3c2; Mr), estrogen alpha receptor (Nr3a1; Ers1), and glucocorticoid receptor (Nr3c1; Gr) expression were observed. Furthermore, significant demethylation in regulatory regions of Mr, Gr, and Esr1 was observed in the PND50 kidney derived from fathers exposed to sGC. This is the first demonstration that paternal pharmacological exposure to sGC can alter the expression and DNA methylation of nuclear steroid receptors in brain and somatic tissues of offspring. These findings provide proof of principle that adult male exposure to sGC can affect DNA methylation and gene expression in offspring, indicating the possibility that adult experiences that evoke increases in endogenous glucocorticoid (i.e., stress) might have similar effects.
INTRODUCTION
A number of studies have demonstrated the effect of in utero environment on multigenerational programming where DNA methylation changes occur in response to environmental exposures, particularly in response to early life stress and adversity [1] [2] [3] [4] [5] [6] . However, studies examining the influence of environment and lifestyle experiences on the paternal germline are limited. The duration of spermatogenesis is approximately 35 days, and epididymal transit to the cauda is approximately 15 days in the mouse [7] [8] [9] . As such, insults targeted at primary germ cells should result in persistent effects in caudal sperm DNA methylation by 50-60 days following the final insult [7] . Skinner's group [10] [11] [12] provided the first evidence for paternal programming of offspring and transgenerational effects transmitted through the male germline. Embryonic exposure to the endocrine disruptor vinclozolin during gonadal sex determination promoted paternal transgenerational transmission of adult onset disease [11] that was associated with altered DNA methylation patterns in sperm three generations after the initial exposure [12] . However, very little is known as to the cross-generational transmission of paternal effects following adult male exposure or insult. Given that changes to DNA methylation in the paternal germline may be transmitted to the embryo and program the offspring for disease later in life [13] , the influence of the environment and lifestyle on paternal germ cells is an area of increasing interest.
Glucocorticoids (GCs) are not only a cardinal stress hormone but also one of the most commonly prescribed pharmacological agents in asthma and other autoimmune, inflammatory, and endocrine disorders [14] [15] [16] [17] [18] . Studies from our laboratory and others have demonstrated profound effects of in utero synthetic glucocorticoid (sGC) exposure on hypothalamic-pituitary-adrenal (HPA) axis development, endocrine systems, and behavior in offspring [19] [20] [21] . Furthermore, studies have demonstrated the effect of maternal and paternal stress on offspring endocrine function and behavior [22, 23] . Together, these studies implicate GCs as a potential mechanism linking parental exposure to offspring outcome. However, studies examining the potential mechanism(s) underlying paternal exposure to insults are limited. Recently, paternal chronic stress was found to be associated with increased levels of sperm mircoRNAs, known to be involved in the regulation of chromatin modifications and DNA methylation [24] . Furthermore, this study demonstrated an impact of paternal stress on the expression of genes in the paraventricular nucleus and bed nucleus of the stria terminalis of offspring [24] . However, the effect of excess GC directly on the adult male sperm methylome and paternal transmission of GC effects are unknown.
Numerous studies have demonstrated the effects of adversity, maternal care, and sGC on the expression of the glucocorticoid receptor (Nr3c1, also known as Gr), the mineralocorticoid receptor (Nr3c2, also known as Mr), and the estrogen receptor alpha (Nr3a1, also known as Ers1) in the brain of offspring [1, [25] [26] [27] [28] [29] [30] . We have previously examined the impact of environment or GCs on the DNA methylation of these nuclear steroid receptors [6, 27, 28] . In a rat model of maternal care, we have shown that low levels of licking and grooming resulted in increased DNA methylation in the promoters of Gr (hippocampus) and Ers1 (medial preoptic area of the offspring) [6, 28] . In another study, increased DNA methylation of Mr was demonstrated following the endogenous GC surge that occurs during development [27] . Given that altered expression or DNA methylation of these nuclear receptors may have a long-term effect on the endocrine function and behavior of the offspring, studying whether paternal exposure to GC can affect offspring nuclear receptor expression and/or DNA methylation is of importance.
Telomere length is considered an indicator of biological/ cellular aging, and it has recently been suggested to represent a marker of early life stress where increased time in an adverse environment correlated with shorter telomere lengths in somatic tissue [31, 32] . Telomeres are located at the end of chromosomes and serve to protect genomic DNA during replication. With age, telomere length shortens. In sperm, telomere length is known to increase with age, and it has been recently demonstrated that older fathers give rise to offspring with longer telomere lengths [33] . The effects of stress on telomere length are of importance given that reduced telomere length could result in loss of DNA protection and associated disease states [34] [35] [36] . To date, no studies have investigated the effect of paternal sGC exposure on sperm telomere length of offspring.
Inheritance can occur via gametic and nongametic mechanisms [37] . Our previous studies investigating the effect of maternal environment on offspring Gr expression and DNA methylation provided evidence of nongametic cross-generational inheritance since these effects could be transmitted by cross-fostering [1, 6, 38] . The aim of the present study was to elucidate the effects of sGC on the adult male germline methylome (F 0 ) and its subsequent impact on the F 1 offspring, examining gametic inheritance. We tested whether paternal (F 0 ) exposure to pharmacological sGC alters 1) global DNA methylation in mature sperm (F 0 ), 2) methylation and transcription profiles of nuclear steroid receptors in male F 1 offspring tissue, and 3) global DNA methylation and telomere length in sperm of F 1 offspring.
MATERIALS AND METHODS

Experimental Design
Adult C57BL/6 males (F 0 ; n ¼ 10/treatment; 10 wk of age) were injected subcutaneously for five consecutive days with 1 mg/kg dexamethasone (i.e., sGC) or vehicle (saline) [39] [40] [41] . All the experiments were performed using protocols approved by the Animal Care Committee at the University of Toronto and in accordance with the Canadian Council for Animal Care. To capture mature sperm exposed to sGC as stem cell spermatogonia, adult male mice were euthanized (using isoflurane overdose) at 35 days (time required for one cycle of spermatogenesis to be completed prior to caudal entry) or 60 days from the initial treatment (time from initiation of spermatogenesis to completion of caudal epididymis transit where sperm collection occurred) [42] [43] [44] . Caudal epididymis (left and right) were removed, and mature spermatozoa were collected. In another cohort, adult C57BL/6 males (n ¼ 5/treatment; 10 wk of age) were injected subcutaneously with 1 mg/kg sGC or vehicle (saline) for five consecutive days. Posttreatment, males were bred with control females (6-8 wk of age). Once the presence of a vaginal plug was observed, males were removed from the cage for the remainder of the pregnancy. Females were allowed to deliver and were housed with the offspring until weaning. At weaning, Postnatal Day 21 (PND21), male offspring were group housed and arbitrarily designated for PND50 testing (equivalent to a young adult) or PND240 testing (equivalent to mature adulthood). PND50 was specifically chosen because it represents the age of sexually maturity in mice [45] , and PND240 was selected to examine whether any effects present in the young adult persisted into later life. All the studies were performed on one F 1 male offspring per litter (n ¼ 5 litters) to negate litter bias. The F 1 male offspring were euthanized as described above.
DNA Extraction from Sperm
Genomic DNA was immediately extracted from sperm after collection using a modified version of an established protocol [27] . Briefly, 1 ml of lysis buffer (2 M Tris, pH 7.5, 5 M NaCl, 0.5 M ethylenediaminetetraacetic acid [EDTA], 10% SDS, and Millipore water), 10 ll of 1 M dithiothreitol, and 60 ll of 20 mg/ml proteinase K were added to each sample and incubated overnight at 558C, followed by 4 ll of RNase A for 30 min at 378C. DNA was isolated with phenol:chloroform (1:1) and precipitated with 95% (v/v) ethanol. The pellet was washed (70% ethanol) and dissolved in 50 ll of 10 mM Tris-HCl and 1 mM EDTA. DNA purity, concentration, and integrity were assessed using spectrophotometric analysis and gel electrophoresis.
Luminometric Methylation Assay
Luminometric methylation assay (LUMA) was undertaken as described previously [46] [47] [48] . Briefly, genomic DNA (1-2 lg) was extracted from mature sperm (F 0 adult) at 35 and 60 days after an initial sGC exposure (to obtain mature sperm that were exposed to sGC at the spermatogonia stage) and from PND240 F 1 offspring (to determine the effects of sGC on sperm collected from the older offspring where the telomere length would be indicative of biological aging) [31, 32] . The DNA was divided equally into two parallel digestion reactions with either 1) 10 units [U] HpaII (sensitive to C m pG methylation at the sequence CCGG) (New England BioLabs) plus 10 U EcoRI (DNA input control) (New England BioLabs) or 2) 10 U MspI (sensitive to C m pC methylation at the sequence CCGG and hydroxymethylation) (New England BioLabs) plus EcoRI. The nucleotide dispensation order used was based on a previous protocol [46] . The peak heights of nucleotide incorporation in the representative pyrograms were used to calculate the number of cuts made by each isoschizomer, HpaII/EcoRI (CG methylation) and MspI/EcoRI (non-CpG methylation or hydroxymethylation) [49, 50] . All the samples were run in duplicate, and the analyses were carried out in two independent LUMAs.
DNA and RNA Extraction of F 1 Offspring Tissues
Frozen hippocampus and kidney from male F 1 offspring were powdered in liquid nitrogen. The effects of paternal sGC exposure on the hippocampus of F 1 offspring were examined because it is a key region involved in GC responsiveness, and we have previously demonstrated genomewide hippocampal reprogramming in male offspring following maternal exposure to sGC during pregnancy [27, 51] . The kidney was examined because we wished to compare any hippocampal effects to those in another tissue that abundantly expresses the nuclear steroid receptors Gr, Mr, and Ers1. Half of the powdered tissue was placed in 1 ml DNA extraction buffer (1 ml; 2mM EDTA; 10 mM Tris-HCL, pH 8.0; 1% SDS; 400 mM NaCl) containing 20 ll of 20 mg/ml proteinase K (Roche) at 508C for 12 h. Samples were treated with 50 U/mg RNase A for 30 min (Roche), and the extraction was undertaken as described above. Total RNA was extracted from the remaining powdered tissue using TRIzol as per manufacturer's instructions (Invitrogen Canada Inc.). Genomic DNA and RNA purity and concentration were assessed using spectrophotometric analysis, and the integrity was verified using agarose gel (1% w/v) electrophoresis.
Plasma Corticosterone and Stress Paradigm
At PND50, plasma was obtained after euthanasia (isoflurane overdose) from male offspring whose fathers were sGC or vehicle treated (n ¼ 4/group) to assess basal adrenocortical function. At PND240 (n ¼ 5 offspring/treatment group), animals from both paternal treatment groups were euthanized under basal conditions or following restraint stress (20 min in a clear plastic tunnel). Blood was collected by cardiac puncture, and the plasma was separated. Plasma corticosterone concentrations in F 1 male offspring were measured using the corticosterone I 125 radioimmunoassay kit (MP Biomedical Inc.) as previously described [52] . All the experiments were undertaken between 0800 and 1000 h to avoid any circadian effect [53] . Samples for all the animals were run in the PETROPOULOS ET AL. same assay to negate interassay bias. The intraassay coefficient of variation was 2.7%.
Real-Time PCR
Total RNA was converted to cDNA using RT AMV kit as per the manufacturer's instructions (Life Sciences Advanced Technologies Inc.). Mr, Gr, and Ers1 mRNA levels were assessed (see Supplemental Table S1 for specific primers; available online at www.biolreprod.org) with the Roche LightCycler 450 using FastStart SYBER Green Master (Roche Applied Science). The cycling conditions consisted of 958C for 5 min followed by 45 repeats of 958C 10 for sec, annealing at 608C for 10 sec, and extension at 728C for 10 sec. Expression was determined by the DDCt method for the gene of interest [54] . The endogenous control, Gapdh, did not change with age or treatment. The efficiency of amplification was ;2-fold. All the samples were run in duplicate, and the analysis was carried out in two independent quantitative PCR (qPCR) runs.
Quantitative Methylation DNA Immunoprecipitation
Analysis of DNA methylation in Gr, Mr, and Ers1 regulatory regions was undertaken in the male kidney and sperm at PND50. Because of the limited quantity of hippocampal tissue, sufficient amounts of genomic DNA could not be extracted because of losses during the extraction process. Furthermore, DNA extracted from mature sperm at PND240 was utilized for LUMA and telomere length analyses; as a result, there was insufficient DNA for quantitative methylation DNA immunoprecipitation (qMeDIP) analysis. To examine agematched somatic tissue to that of offspring sperm, the PND50 kidney was chosen. Regulatory regions within the known promoters of Gr, Mr, and Ers1 were selected for measurement of differential methylation based on in silico analysis. Briefly, histone and transcription factor tracks were loaded onto the University of California, Santa Cruz (UCSC) genome browser (LICR and PSU tracks, genome.ucsc.edu/, mouse assembly 2007) [55] [56] [57] , and gene regions that corresponded with regulatory regions histone-3 lysine-4 trimethylation (H3K4m3), histone-3 lysine-4 methylation (H3K4m1), RNA polymerase II (Pol2), or p300 binding were selected. Regions that did not correspond with regulatory regions were also selected for each gene as a negative control. Specific primers are described in Supplemental Table S1 . Genomic DNA (10 ng/ll) in TE buffer (10 mM Tris-HCl, pH7.5, 1 mM EDTA) was sonicated with a Bioruptor sonicator (Diagenode) for 10 min with 30 sec on, then 30 sec off. Genomic DNA (10 ng) was run on an agarose gel (1.5%) to confirm the fragmentation of the DNA (200-500 bp). DNA (2 lg) was eluted with 480 ll of TE buffer and 53 IP buffer (50 mM PBS, pH 7, 700 mM NaCl, 0.25% Triton X-100), then denatured at 958C (10 min). Denatured DNA was precleared with blocked Dynabeads protein G (Invitrogen Life Technologies) and incubated with 10 lg anti-5-methylcytidine antibody (AnaSpec) overnight at 48C. Blocked Dynabeads protein G (50 ll) were added to DNA/antibody mix and incubated for 2 h at 48C. Beads were then washed three times with 13 IP buffer and resuspended in 250 ll of digestion buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA, 0.5% SDS) and 20 lg proteinase K (Sigma-Aldrich) overnight at 558C. Bound DNA was purified with phenol:chloroform and eluted in TE and quantified using NanoDrop (Thermo Fisher Scientific). Bound DNA (20 ng) was used as starting material in all the conditions. Enrichment was determined by comparing bound Gr, Mr, and Ers1 regions to bound H19. The reaction was performed in a Roche LightCycler LC480 (Roche Applied Science) at 958C for 5 min followed by 45 repeats of 958C for 10 sec, annealing at 608C for 10 sec, and extension at 728C for 10sec. The efficiency of amplification was ;2-fold. All the samples were run in duplicate, and the analysis was carried out in two independent qPCR runs.
Telomere Analysis
Quantification of relative telomere length from PND50 and PND240 F 1 offspring sperm (n ¼ 5/group) was assessed as previously described [58, 59] . Master mix for a 10 ll reaction was prepared with 5 ll FastStart SYBER Green, primer, 1 ll RNase/DNase-free water, and 20ng of genomic DNA. Primers for telomere analysis and 36b4 reaction (300 nM) are described in Supplemental Table S1 . Analysis was performed using a Roche LightCycler LC480 at 958C for 5 min followed by 30 repeats of 958C for 10 sec, annealing at 568C for 10 sec, and extension at 728C 10 sec. Serial dilution of mouse sperm genomic DNA was performed to obtain a standard curve and to ensure amplification efficiency. Values (DDCt method) derived from the telomere (T) reaction were expressed against values for 36b4 (S) to obtain a T:S ratio. The T:S ratio reflects the relative differences in telomere length. All the samples were run in duplicate, and the analysis was carried out in two independent qPCR runs.
Statistical Analysis
All the data were expressed as mean 6 SEM. Analysis of offspring data was performed on one animal per litter to negate litter bias. The statistical analysis was undertaken using Prism (GraphPad Software Inc.). All the data was analyzed using Student t-test, and significance was set at P , 0.05.
RESULTS
Effects of sGC on Adult Sperm: Global DNA Methylation
In sperm of F 0 adult males, no change in global DNA methylation was observed 35 days after initial sGC exposure compared to controls (Fig. 1A) . However, at 60 days following initial treatment, a time when exposed germ cells have matured and entered the cauda, sGC treatment resulted in a significant increase (20%) in non-CpG methylation, as indicated by the decreased peak heights in the MSPI/ECORI peak pattern (MSPI cannot cleave when the external C of the CCGG sequence is PATERNAL PROGRAMMING OF MALE OFFSPRING TISSUES methylated, but can cleave when the internal C is methylated) ( Fig. 1B ; P , 0.05).
Basal and Activated Adrenocortical Function
Plasma corticosterone was measured during basal (PND50 and PND240) and following acute stress (PND240) (data not shown). There was no significant effect of paternal sGC treatment on basal plasma corticosterone concentrations. Restraint stress at PND240 significantly increased (;2-fold) plasma corticosterone compared to basal levels; however, there was no effect of paternal sGC treatment (data not shown).
Expression of Gr, Mr, and Ers1: F 1 Offspring
In the hippocampus of F 1 offspring (PND50) born to sGCtreated fathers, Mr expression was significantly increased (P , 0.05) while Ers1 mRNA was significantly reduced (P , 0.01); there was no difference in Gr expression ( Fig. 2A) . At PND240, hippocampal Gr and Mr expression were both significantly reduced in F 1 offspring of sGC-exposed fathers relative to age-matched controls (P , 0.01), while levels of Ers1 mRNA levels were not different from those of the control ( Fig. 2A) . In the kidney, expression of Gr and Mr mRNA was significantly decreased in offspring whose fathers were exposed to sGC compared to control (P , 0.01 and P , 0.05, respectively; Fig. 2B ). Similarly, there was a strong trend (P ¼ 0.066) for a reduction in Ers1 expression. At PND240, expression of Mr remained significantly decreased relative to control (P , 0.05) while Gr and Ers1 expression were not different from the control (Fig. 2B) . There was no significant effect of age on Gr, Mr, and Ers1 expression in the hippocampus or kidney (data not shown).
Regulatory Region DNA Methylation
Quantitative MeDIP was used to assess differentially methylated regions of Gr, Mr, and Ers1 in the PND50 kidney. Regulatory regions were predicted based on in silico analysis. Two regions were assessed for enrichment of DNA methylation for Gr (Fig. 3 , Ai and ii; region 1 [R1] and region 2 [R2]). In R2, a region corresponding to RNA Pol2, p300 binding, and H3K4m3 binding (based on UCSC genome browser), there was a significant decrease in DNA methylation in offspring from sGC-exposed fathers (P , 0.05; Fig. 3B ). However, there was no change in DNA methylation in R1, a region which did not correspond to a predicted regulatory region (Fig. 3B ). For Mr, two regions were also chosen to assess DNA methylation based on silico analysis using the UCSC genome browser (Fig.  4 , Ai and ii; R1 and R2). There was a significant decrease in DNA methylation in R1 in the kidney of offspring derived from fathers exposed to sGC (P , 0.05; Fig. 4B ), a region corresponding with RNA Pol2, H3K4m1, and H3K4m3 binding. No change in DNA methylation was observed in R2, a predicted nonregulatory region for Mr. Finally, for Ers1, two regions were chosen: R1, which overlapped with Pol2, H3K4m1, and H3K4m3, and R2, which did not correspond to a predicted regulatory region (Fig. 5, Ai and ii) . DNA methylation of Ers1 in R1 was significantly reduced (;3-fold) in offspring born to sGC-exposed fathers (P , 0.05; Fig. 5B ), while there was no change in DNA methylation in R2.
Effects of sGC on F 1 Sperm
There was no effect of paternal sGC treatment on the global DNA methylation of sperm from PND240 offspring (Fig. 6A) . Furthermore, paternal sGC exposure did not affect the relative telomere length in sperm from PND50 or 240 offspring (Fig.  6B) . There was however a trend toward increased telomere length in both treatment groups at PND240 compared to PND50 (P ¼ 0.08; Fig. 6B ). DNA methylation of sperm (PND50) was assessed in the predicted regulatory regions shown to be significantly demethylated in the PND50 kidney by paternal sGC exposure. No significant effects of paternal GC exposure were observed in the methylation state of Gr, Mr, and Ers1 in the F 1 sperm (data not shown).
DISCUSSION
This is the first demonstration that sGC exposure in adult male mice alters global DNA methylation of non-CpG sites in germ cells. Furthermore, evidence is provided that indicates that paternal exposure to sGC is followed in the next generation by changes in mRNA expression as well as alterations in DNA methylation states. These changes are observed in regulatory regions of key nuclear steroid receptors in the male hippocampus and kidney. 
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The presence of non-CpG methylation in the mammalian genome has remained controversial, however, recent evidence from whole genome sequencing has identified non-CpG methylation in vertebrate genomes, particularly oocyte, embryonic stem cells, and sperm [60] . This study now demonstrates that sGC exposure significantly decreases MSP1/ECOR1 cuts. Decreased MSP1 cuts are known to occur when non-CpG (i.e., CpC) methylation or its further modification to the hydroxymethylated form is present at the sequence CCGG [49, 50] . Unlike CpG methylation, the precise biological significance of non-CpG methylation is currently unknown. Furthermore, the increase in global non-CpG methylation observed might include not only gene loci, but also repetitive elements (long interspersed nuclear elements, short interspersed nuclear elements, long terminal repeats, and DNA transposons) and intragenic and intergenic regions; thus, extrapolating how changes in global methylation relate to specific gene loci is difficult. Nonetheless, it is possible that the effect of paternal sGC exposure in F 1 offspring may be transmitted through sperm via this epigenetic modification.
Synthetic glucocorticoids, including dexamethasone, are commonly prescribed for the management of autoimmune disorders, asthma, inflammatory conditions, and endocrine disorders such as congenital adrenal hyperplasia [17, 18, 61] . As such, adult males may be exposed to sGC over prolonged periods of time. It is well documented that chronic exposure to excess GC may negatively affect the individual, resulting in GC-induced psychosis, hypertension, and insulin resistance [62] [63] [64] . However, information pertaining to the impact of adult male exposure to excess GC on the next generation is limited. The present study has demonstrated that only 5 days of sGC exposure at a dose comparable to that utilized in the human for therapeutic treatment has the ability to affect offspring derived from germ cells exposed to the insult. The present findings indicate that both acute and chronic therapeu- A number of studies have examined the effect of maternal stress on programming of metabolic, cardiovascular endocrine function, and behavior in offspring. However, to our knowledge, only two studies have examined the effects of extended periods of paternal stress on offspring DNA methylation. In one study, paternal stress prior to conception resulted in a 3% decrease in global DNA methylation in the hippocampus of male offspring [65] . Furthermore, these offspring demonstrated deficits in behavioral control and learning capacity [65] . In the second study, paternal chronic stress was shown to result in increased expression of nine microRNAs in paternal sperm and altered gene expression in the paraventricular nucleus and bed nucleus of the stria terminalis of offspring [24] . Importantly, the microRNAs affected by chronic stress are associated with the regulation of genes involved in DNA methylation and modification of chromatin states [24] . While this study did not directly examine the methylation status of adult sperm, the modified microRNA levels suggest that DNA methylation of sperm may be affected. The present study has clearly demonstrated that exposure of the adult male germline to pharmacological treatment with sGC not only modifies global DNA methylation of paternal sperm, but that effects persist through spermatogenesis and affect the subsequent generation. Given that endogenous GCs are elevated in response to stress, our results now provide a plausible mechanism connecting adult male experience to offspring DNA methylation states.
In the present study, while we found long-term effects of paternal sGC exposure on the expression of nuclear steroid receptors in the hippocampus and kidney of offspring, no differences in basal and stress-activated corticosterone levels were identified. At PND240, the reduction in hippocampal Gr and Mr expression might have been expected to result in an increase in basal and stress-activated corticosterone. However, 
it is important to note that single point measurement of HPA function, which was all that was possible in the present experimental design, does not represent a robust assessment of HPA function. In the kidney, aldosterone primarily binds to MR and plays an important role in sodium balance and water reabsorption via the renin-angiotensin system. As such, disturbances to the renin-angiotensin system may result in downstream pathogenesis (i.e., hypertension [66, 67] ). Given the present findings, further detailed studies are now warranted to explore the life-long phenotypic consequences of these changes in DNA methylation and gene expression.
Gene transcription and DNA methylation in gene regulatory regions do not always display an inverse relationship, and in some instances, a higher level of epigenetic modification, such as histone acetylation or methylation, may be involved. In the present study, we show that decreased DNA methylation in the promoters corresponded to decreased gene expression of Gr, Mr, and Ers1. Reduced DNA methylation in regulatory genes has been linked to reduced gene expression for a number of genes. For example, demethylation of a repressor binding site for multidrug resistance gene (MDR-1) resulted in decreased expression of MDR-1 [68] . In another study, DNA hypomethylation resulted in inhibition of cyclin A gene transcription, ultimately decreasing endothelial cell growth [69] . One possible explanation for the paradoxical relationship observed in the present study is that the specific sites examined for Gr, Mr, and Ers1, may correspond to repressor regions. As such, methylation of CpGs in these regions may interfere with binding of a repressor that blocks the recruitment of activating proteins and deposition of active chromatin marks. Decreased methylation would lead to increased binding of the putative repressor complex. Furthermore, microRNAs are known to rapidly alter the expression of genes independent of DNA methylation and changes to nucleotide sequence. Stress (and by PATERNAL PROGRAMMING OF MALE OFFSPRING TISSUES association GCs) may increase levels of microRNAs known to be involved in the regulation of genes important for determining DNA methylation and chromatin states [24, 70] . As such, it is possible that changes in microRNA levels in the kidney in F 1 offspring may underlie the paradoxical relationship observed between DNA methylation and expression of steroid receptors. Of note, the regulatory regions examined represent approximately 30% of all the predicted regulatory regions and, as such, may not represent the only regions involved in the regulation of mRNA transcription for each specific gene. Further studies are required to determine the molecular mechanisms underlying the changes in DNA methylation and expression observed in this study.
An additional explanation for the observed changes in expression of Gr, Mr, and Esr1 might be epigenetic modification to genes encoding important upstream regulators of these genes rather than alteration in DNA methylation in the genes per se. For example, increased binding of specific transcription factors to the promoters of Gr and Esr1 was previously shown to underlie the changes observed in methylation state and expression of these steroid receptors. Binding of Ngf1-A to its consensus sequence on the Gr promoter was shown to modify DNA methylation and expression [1] . Binding of Stat5 to its consensus site was shown to modulate promoter methylation state and expression of Esr1 [28] . Interestingly, in the present study, the genomic sequences corresponding to the predicted regulatory regions contain the important consensus sites described for each steroid receptor. A GGGCG sequence was found in R2 of Gr by in silico analysis; this consensus site corresponds to Sp1/Egr-1 and Ngf1-A binding [1, 38, 71, 72] . Furthermore, a Stat5 consensus-binding site (TTCTACCAA) was discovered by in silico analysis in the predicted regulatory region (R1) of Esr1 [28] . Moreover, other upstream regulators such as the nuclear receptor corepressor 1 (Ncor1) has been demonstrated to interact with repressor complexes to modify nuclear receptor expression [73, 74] . Further investigation pertaining to the transgenerational epigenetic modification of these transcription factors is required to elucidate a working mechanism.
In the present study, the effects of paternal sGC treatment were transmitted to somatic tissues of the next generation and manifested as altered mRNA expression and DNA methylation. However, there was no effect of paternal sGC treatment on global DNA methylation, DNA methylation in Gr, Mr, and Ers1 regulatory regions, or telomere length in the sperm of F 1 offspring. Primordial germ cells go through extensive programming during their differentiation [75] , and this might have resulted in erasure of the DNA methylation changes induced by GC in F 1 sperm. This suggests that at least some of the changes in DNA methylation triggered by sGC exposure remain for one generation. However, this does not preclude the possibility that germ cells in offspring are epigenetically altered by other modifications or that the epigenetic landscape of regulatory regions of other genes are affected. Furthermore, the lack of difference in telomere length does not necessarily negate an effect of paternal GC exposure on the next generation telomeres. Genomic DNA was extracted from thousands of sperm cells and measurements could not be performed at a single cell resolution. As such, the average for all the telomere lengths present was measured and not individual chromosomes [76] .
The mechanism(s) that link paternal exposure to GCs and changes in gamete DNA methylation remain to be elucidated. Given that expression of the GR has been reported in primary spermatocytes and epipidymal sperm in numerous species, including the mouse, rat, and human [77] [78] [79] , it is plausible that GCs directly activate spermatocyte GR to modify the sperm methylome. GR interaction with DNA has been shown before to result in epigenetic reprogramming and DNA demethylation of the tyrosine aminotransferase gene during liver development [80] . In addition, we have previously demonstrated that in utero exposure to sGC resulted in significant genomewide changes to DNA methylation, histone acetylation, mRNA transcription and GR-DNA binding in hippocampal tissue [51] ; further supporting the hypothesis that activation of GR may modulate the epigenetic landscape. GR has been shown to interact with repressor complexes, including methylated CpG DNA binding protein 2 (MeCP2), which in turn recruits histone deacetylase (HDAC) [81] ; ultimately silencing transcription and altering chromatin confirmation. Thus, GR could trigger epigenetic programming in both directions: methylation and silencing, and demethylation and activation. GR-chromatin immunoprecipitation on adult sperm DNA after treatment with sGC would provide further insight as to whether activation of GR is a key mechanism propagating the epigenetic signal from paternal experience to gametic inheritance, which should be done in future experiments.
In conclusion, we have provided the first evidence that sGC exposure can alter non-CpG DNA methylation in adult male germline methylome and alter the expression and DNA methylation of nuclear steroid receptors (Gr, Mr, and Ers1) PETROPOULOS ET AL.
in F 1 male offspring. These data provide a strong rationale for future studies focused toward determining how long-term changes in nuclear steroid receptor expression affect hippocampal and renal physiology, and in turn modify neuroendocrine regulation, cardiovascular health, and metabolism. These findings demonstrate that paternal experience prior to conception can be transmitted to his offspring. Furthermore, this study has important implications as to the long-term impact of the widespread pharmacological use of sGCs in adult humans.
